The ability of lymphocytes to recirculate between blood and secondary lymphoid tissues such 6 as lymph nodes (LNs) and spleen is well established. Sheep have been used as an experimental 7 system to study lymphocyte recirculation for decades and multiple studies exist documenting 8 accumulation and loss of intravenously (i.v.) transferred lymphocytes in efferent lymph of vari-9 ous ovine LNs. Yet, surprisingly little work has been done to accurately quantify the dynamics 10 of lymphocyte exit from the LNs and to estimate the average residence times of lymphocytes in 11 ovine LNs. In this work we developed a series of mathematical models based on fundamental 12 principles of lymphocyte recirculation in the body and specifically, on how lymphocytes enter 13 and exit lymph nodes in non-inflammatory (resting) conditions. We fitted these models to data 14 from several independent experiments. Our analysis suggested that in sheep, recirculating lym-15 phocytes spend on average 3 hours in the spleen and 20 hours in skin or gut-draining LNs with a 16 distribution of residence times in LNs following a skewed gamma (lognormal-like) distribution.
with V = 3.4 L and RL t was digitized from Figure 1 of Frost et al. [39] . In the same experiments 162 labeled cells exiting the pLN were measured as cpm/10 7 cell with each data point summing 3 hours 163 of cells collected every 20 minutes. Therefore, the amount of labeled cells exiting the pLN per hour 164 (C t ) is one third of this number. The total output of the pLN is given in Figure 3 in Frost et al.
[39] 165 and was estimated to be f = 10.85 × 10 7 cell/hr. We calculate total cells exiting the pLN per hour In experiments, recirculating lymphocytes were obtained from efferent lymph of various LNs, labeled in vitro, and then re-injected i.v. into the same animal. The concentration of injected lymphocytes was then followed in sheep in the blood and the efferent lymph of a given LN (panel A). To describe migration kinetics of recirculating lymphocytes via LNs we adopt a basic mathematical model from our previous study [43] .
In the "recirculation" model (panel B) lymphocytes in the blood B may migrate to three (n = 3) major tissue compartments: spleen S (at a rate m BS ), lymph nodes L (at a rate m BL ), or other peripheral tissues T (at a rate m BT ). A fraction λ of cells migrating to lymph nodes migrate to the cannulated LN (Lo) and thus can be measured, and remaining cells migrate to other lymph nodes (L). Exit of lymphocytes from the spleen or peripheral tissues follows first order kinetics at rates m SB and m T B , respectively (and thus residency times in these tissues are exponentially distributed). In contrast, following our previous work [43] residency times in LNs are gamma distributed modeled by assuming k sub-compartments (in the figure k = 3); exit from each sub-compartment is given by the rate m LB . In the alternative, "blood-LN dynamics" model (panel C) cells in the blood (B) enter the cannulated LN at a rate λm BL and exit the LN by passing via k sub-compartments at a rate m LB . Cells in the blood also leave the blood at a rate α (in case of a single exponential decline).
where cells exiting the cannulated lymph node, m LB Lo k do not return to the blood because they are 229 sampled, and m LB Lo k is the rate of labeled lymphocyte exit from the sampled lymph node (which 230 is compared to experimental data, e.g., column 2 in the dataset #1, and see Figure 2C&D ).
231
Because in our experimental data, measurements of labeled lymphocytes were done either in the 232 blood and efferent lymph (or only efferent lymph), the assumption of n = 3 tissue compartments 233 (spleen, LNs, and other non-lymphoid tissues) may not be always justified. Furthermore, the number 234 of sub-compartments k in LNs is also unknown. Therefore, in our analyses we fitted a series of models 235 assuming different values for k and n to the data from Frost et al.
[39] (dataset #1) and compared 236 the quality of the model fit to data using AIC (see Results section).
237
The average residence time of lymphocytes in the spleen or non-lymphoid tissues is 1/m SB and 238 1/m T B , respectively. The residence time of lymphocytes in the LNs is given as RT = k/m LB . The 239 initial number of labeled cells in the blood varied by experiment and is indicated in individual graphs.
240
In some fits parameter λ could not be identified from the data and thus was fixed (indicated by absent 241 predicted confidence intervals). The rest of the parameters were fit by the model.
242
Blood-LN dynamics model. Many studies of lymphocyte recirculation that report kinetics of 243 accumulation and loss of labeled lymphocytes in efferent lymph of ovine LNs do not report dynamics 244 of these cells in the blood which is the major limitation of such studies. Therefore, to gain insight 245 into whether LN cannulation data alone can be used to infer lymphocyte residence times in the LNs
246
we propose an alternative model which only considers lymphocyte dynamics in the blood, one LN, 247 and the efferent lymph of the cannulated LN. In this "blood-LN dynamics" model ( Figure 1C ) the 248 dynamics of lymphocytes in the blood is given by a phenomenological function B given as a sum dynamics of labeled cells in the sampled lymph node is thus driven by the continuous entry of labeled 253 cells from the blood into the LN. The model is then given by following equations the blood is generally unknown when fitting the model predictions to data, we varied the number of 262 exponential functions j = 1, 2, 3 and compared the quality of fits of different models using AIC. assumptions the dynamics of cells in the afferent lymph and the LN are given by equations:
where initially all labeled cells were in the afferent lymph. As previously stated, the rate of lym- were then collected in the efferent lymph of the pLN and mLN. Because the authors did not report the dynamics of labeled cells in the blood, we extended the "blood-LN dynamics" model (see eqns.
278
(10)-(12)) to describe cell migration from the blood to the efferent lymph of two LNs. The number 279 of labeled lymphocytes found in the i th sub-compartment of the pLN and mLN are given by Lo 1,i 280 and Lo 2,i , respectively.
where m L1B and m L2B are the rate of lymphocyte exit from the pLN and mLN, respectively, m BL1 282 and m BL2 are the rates of lymphocyte entry from the blood to pLN and mLN, respectively, and 283 j = 1, 2 in fitting models to data. Because the data clearly showed the difference in accumulation of 284 lymphocytes in different LNs, we considered two alternative explanation for this difference. In one 285 model we assume that the difference in kinetics is due to differences in the rate of lymphocyte entry 286 into specific LNs (m BL1 = m BL2 ) while residence times are identical in the two LNs (m L1B = m L2B ).
287
In the alternative model, the rate of entry into the LNs are the same but residence times may differ 288 (m BL1 = m BL2 and m L1B = m L2B ). The models were fitted to data in R (version 3.1.0) using modFit routine in FME package by log-291 transforming the data (single or two different measurements) and model predictions and by minimiz-292 ing the sum of squared residuals. Numerical solutions to the system of equations were obtained using 293 ODE solver lsoda (from the deSolve package) with default absolute and relative error tolerance.
294
Different algorithms such as BFGS, L-BFGS-B, or Marquart in the modFit routine were used to find 295 parameter estimates. Discrimination between alternative models was done using corrected Akaike
where SSR is the sum of squared residuals, N is the number of data points, and p is the number of 298 model parameters fitted to data. The model with the minimal AIC score among all tested models 299 was viewed as the best fit model, but a difference of AIC score of 1 − 3 between best fit and second 300 best fit models was generally viewed as not significant [50] . Predicted 95% confidence intervals for 301 estimated parameters were calculated as ±2σ with standard deviation σ provided for each parameter 302 by the modFit routine. hours after cell transfer ("short-term migration" data).
323
While the overall structure of the recirculation model was defined by the number n of different 324 compartments through which lymphocytes could recirculate ( Figure 1B ), we investigated how many 325 such compartments are in fact needed to describe the experimental data. Therefore, we fitted a 326 series of recirculation models with a variable number of compartments and determined how well 327 such models described the data. In addition, we also tested how many sub-compartments k in the 328 LNs are needed for best description of the data (see eqns.
(3)- (9)). The analysis revealed that 329 n = 3 tissue compartments and k = 3 sub-compartments in the LNs are needed to adequately 330 describe the dynamics of labeled cells in the blood and efferent lymph (Table 1 ). Such a model 331 could accurately describe simultaneously the loss of labeled cells in the blood and accumulation and 332 loss of labeled cells in the efferent lymph ( Figure 2A&C ). Figure 1 for more detail). Dynamics of RLs in the blood (panels A&B) and in the efferent lymph of the pLN (panels C&D) for the first 90 hours after cell transfer (short-term migration) are shown by markers. We fitted two alternative models to these data. The first model assumed that the lymphocytes in the blood are able to recirculate between several tissue compartments such as spleen, LNs, and other tissues (see Figure 1B and eqns.
(3)-(9)); the model with n = 3 tissue compartments (spleen, LNs, and other non-lymphoid tissues) and k = 3 sub-compartments in the LNs was able to accurately explain the data (panels A&C). The average residence time estimated for the two first compartments (RT 1 and RT 2 ) are indicated in the panels. The second, blood-LN dynamics model considers that the loss of RLs from the blood is described by phenomenologically by j = 2 exponential functions (with rates α 1 and α 2 ) and that LNs have k = 3 sub-compartments (see Figure 1C and eqns. (10)- (12)). The estimated average residence time of lymphocytes in the pLN is indicated in panel D as RT . Fits of models that assume different numbers of tissue compartments, different number of sub-compartments in LNs, or different numbers of exponential functions are shown in Tables 1 and S1. Parameters for the best fits of these models are given in Table 2 .
analysis also suggests that none of the obvious characteristics of the distribution of the lymphocyte 343 exit rate from the LN such as the time of the peak or the average of the overall distribution (e.g.,
344
see Figure 2C ) accurately represent the average residence time. This result strongly suggests that 345 to accurately estimate lymphocyte residence times from LN cannulation experiments it is critical to 346 use appropriate mathematical models.
in poorer fits of the data ( Table 1 : Comparison of different recirculation mathematical models fitted to the data on RL dynamics in blood and prescapular LN. Experiments were performed as described in Figures 1 and 2 and a series of mathematical models assuming recirculation of lymphocytes via n different tissue compartments with LNs having k sub-compartments (eqns. (3)-(9)) were fitted to experimental data (shown in Figure 2A&C ). We tested n = 1 . . . 4 different tissue compartments with k = 1 . . . 4 sub-compartments in LNs. The bold AIC value shows the model of best fit with n = 3 and k = 3. Parameters for the best fit model are shown in Table 2 and the best fit is shown in Figure 2A&C .
It is interesting to note how the dynamics of labeled lymphocytes in the blood may be used to infer 359 recirculation kinetics of cells. Indeed, the initial rapid decline of the number of labeled lymphocytes 360 is explained in the model by migration to secondary lymphoid tissues and change in the decline rate 361 at 2-3 hours after lymphocyte transfer is naturally explained by the exit of initially migrated cells 362 from one of the compartments (most likely spleen) back to the blood. Thus, lymphocyte kinetics in 363 the blood suggests residence time in first compartment of about 2-3 hours ( Table 2) .
364
The recirculation model makes a strong assumption that the dynamics of labeled lymphocytes 365 in the blood and efferent lymph are due to migration of lymphocytes into and out of different In the model the dynamics of labeled lymphocytes in the blood is described phenomenologically as a sum of several exponential functions, and by fitting a series of such models we found that the 376 dynamics of labeled cells in the first 90 hours after cell transfer is best described by a sum of two0 20 40 60 80 100 120 Cells in blood Figure 3 : Explaining long-term recirculation kinetics of lymphocytes in sheep requires more complex mathematical models. We fitted either recirculation model (panels A&C, see eqns.
(3)-(9)) or the blood-LN dynamics model (panels B&D, see eqns. (10)-(12)) to the data on the dynamics of labeled lymphocytes in the blood (panels A-B) and in efferent lymph of the pLN (panels C-D; see Materials and Methods for more detail) sampled for 5 days. In these experiments, there was only a single additional measurement of the labeled lymphocytes in the blood but continuous measurement of labeled lymphocytes in the efferent lymph (e.g., compare panel A to Figure 2A ). The best fit of the recirculation model was found assuming lymphocyte recirculation via n = 3 different compartments (and k = 3 sub-compartments for the LNs) and average residency times in these compartments are indicated in panel A as RT i . The best fit of the blood-LN dynamics model was with j = 3 exponential decay functions and k = 3 sub-compartments for the LNs. The best fit models were determined via a series of trials (see Tables S1 and S2 ). Parameter estimates and 95% CIs are shown in Table 2 .
Therefore, to further investigate the issue of the distribution of residence times of lymphocytes in 
422
To describe these experimental data, we adapted the blood-LN dynamics model to include migra-423 tion of labeled lymphocytes from the afferent lymph to the LN and then to the efferent lymph (eqns.
424
(13)-(15)). The model has 3 unknown parameters that must be estimated from the data (A(0), m A , (3)-(9)) or the blood-LN dynamics model (eqns. (10)-(12)) fitted to either short-term migration data (t < 90 h) or the long-term migration data of Frost et al.
[39] (see Materials and Methods for more detail). In the recirculation model the three tissue compartments are suggested to be spleen, LNs, and other non-lymphoid tissues and the migration rates from the blood to these compartments are denoted as m ij with i, j = B, S, L, T . In the blood-LN dynamics model it was not possible to estimate accurately the initial number of labeled lymphocytes in the blood (X 1 ), so that parameter was fixed to X 1 = 2.5 × 10 9 cells. Residence times in LNs were calculated as RT = k/m LB and as m iB for other compartments (i = S, T ).
m LB ). Unfortunately, the original data for cell dynamics for individual animals were not available, 426 and the digitize data only included 3 time points which did not allow accurate estimation of all model 427 parameters (results not shown). Therefore, to investigate the dynamics of labeled cells in the efferent lymph we fitted a series of mathematical models with a varying number of sub-compartments k in the LN and average residence times RT = k/m LB fixed to several different values to the experimental 430 data (Table S3 ). Analysis revealed that several sub-compartments are needed for accurate descrip-431 tion of the data and the actual number of sub-compartments varied for different cell subtypes, but 432 was never less than k = 3 (Table S3 ). The expected residence times also varied with the cell type 433 but overall were within 18-20 hour range which is consistent with the previous analysis of Frost et al.
434
[39] data (Figure 4) . 47] ). We fitted a series of mathematical models assuming migration of injected lymphocytes into the LN with a variable number of sub-compartments k in the LNs (eqns. (13)-(15) ). Due to scarcity of the data it was not possible to accurately estimate all parameters of the model (Table S4 ) and therefore the analysis was performed by assuming several fixed values for the residence time RT and by varying the number of sub-compartments in LNs (see Table S3 ). The best fits of the model leading to the lowest AIC values with the noted number of sub-compartments in the LN (k) are shown by lines and parameters of the models are given in Table S4 .
By fitting the data with the model in which the number of sub-compartments k was varied we 436 found that the estimated residence time of lymphocytes in the poLN was dependent on the assumed 437 k (Table S4 ). This is consistent with our recent result on estimating residence time of T and B 438 lymphocytes in LNs of mice using the data from photoconvertable Kaede mice [9] . Interestingly, the model fit predicted a relatively slow movement of lymphocytes from the afferent lymph to the sub-compartments. These results also support our conclusion that residence times of lymphocytes in 442 ovine poLN are not exponentially distributed and the average residence time for different lymphocyte 443 subsets is around 20 hours. Figure 5 : Kinetics of lymphocyte loss in the blood influences the estimate of the lymphocyte residence time in LNs. We fit the blood-LN dynamics model (eqns. (10)-(12)) to the data on accumulation and loss of labeled lymphocytes in the efferent lymph of the pLN of sheep (shown by markers in panel B; see Materials and Methods for details on the data) assuming that loss of the lymphocytes in the blood occurs exponentially at a rate α 1 (panel A). In contrast with other analyses, fits of the model to data in this case were done without log 10 transformation. In the fits the decline rate α 1 was either fixed to several different values (α 1 = 0, α 1 = 0.01/h, or α 1 = 0.05/h) or was estimated by fitting the model to data in panel B (α 1 = 0.021/h). The estimated residence time of lymphocytes in the LN RT is indicated in panel B. In the fits we assumed that LNs have k = 3 sub-compartments. The initial number of labeled lymphocytes in the blood X 1 = 5 × 10 8 and the proportion of lymphocytes migrating to the prescapular LN λ = 0.01 were fixed in model fits of the data. In panel A the data on labeled lymphocyte dynamics in the blood from Frost et al. [39] was not used in model fitting and is only displayed by markers for illustrative purposes.
IV blue
green blue green g b Figure 6 : Experimental design of the study to evaluate migration of lymphocytes isolated from different LNs. Populations of lymphocytes were isolated from efferent lymph by cannulation of either the pLN (skindraining) or the mesenteric (intestine-draining) lymph node (mLN), labeled with RITC (green) or FITC (blue), respectively. These cells were then injected i.v. into the same animal. Accumulation and loss of the injected lymphocytes was followed in efferent lymph of pLN and mLN over time.
In the preferential migration model we fixed the average residence times of lymphocytes in LNs for 499 cells from pLN and mLN (determined by the parameter m LB ) but allowed different rates of entry 500 into the LN from the blood (determined by the parameter m BL , see eqns. (16)- (20)). This model 501 could accurately describe experimental data ( Figure 7A&B) . Interestingly, the model predicted 2 fold 502 higher entry rate into pLN by cells of pLN origin and 3 fold higher entry rate into mLN by cells of 503 mLN origin as compared to cells of pLN origin (Table S5 ). Importantly, assuming identical average 504 residence time of T cells from pLN in skin-draining or gut-draining LNs resulted in fits of excellent 505 quality suggesting the average residence time of T cells from pLN does not depend on the LN type.
506
However, T cells from mLN migrated via LNs nearly 2 fold faster than T cells from pLN suggesting 507 that the average residence time does depend on the origin of T cells.
508
In the alternative preferential retention model we fixed the rate of lymphocyte entry from the 509 blood to the LNs and allowed the residence times (or more precisely, the rate of exit of T cells from 510 the LNs) to vary depending on the LN type. This model failed to accurately describe the data ( Figure   511 7C&D) suggesting that the data cannot be explained solely by increased retention of cells in the LN 512 of their origin. Importantly, allowing both entry and exit rates to depend on the LN type did not 513 improve the model fit of the data for lymphocytes from pLN (F 1,24 = 0.26, p = 0.62) but marginally 514 improved the fit of the data for lymphocytes from mLN (F 1,24 = 6.3, p = 0.02). Figure 6 and the number of cells exiting pLN (boxes) or mLN (triangles) was recorded for lymphocytes collected previous from pLN (panels A&C) or from mLN (panels B&D). We fitted mathematical model (eqns. (16)-(20)) to the cannulation data either assuming that difference in lymphocyte dynamics is due to differential entry of lymphocytes into pLN and mLN (panels A&B) or is due to differential residence time of lymphocytes in the LNs (panels C&D). Markers show the data and lines are predictions of the mathematical models. Model arameters are shown in relatively similar to previous observations [9, 43] .
541
Another important conclusion from our analyses is that the data on lymphocyte dynamics in 542 efferent lymph is not described well by a model in which residence times of lymphocytes in LNs are 543 exponentially distributed (Table 1 ). In part, this is because of the wide distribution in the exit rates distributed describes the experimental data with acceptable quality (e.g., see Figure 2 ), introducing 549 additional details/parameters contradicts the fundamental "Occam's razor" principle.
550
Our analysis suggests potential limitations of interpreting data from ovine LN cannulation exper-551 iments in which the dynamics of transferred lymphocytes is not tracked in the blood. In particular,
552
we found that estimates of lymphocyte residence times in LNs do depend on the assumed model for 553 lymphocyte dynamics in the blood (e.g., single vs. double exponential decline and slow or rapid de-554 cline). Therefore, future studies on lymphocyte recirculation kinetics in sheep should always attempt 555 to measure and report concentration of transferred cells in the blood.
556
One of the fundamental questions of lymphocyte recirculation is whether lymphocytes in the 557 blood have some "memory" of the specific LN they recently came from, and if such memory ex-558 ists, whether it comes from preferential entry into a specific LN or from preferential retention in 559 the LN. Several experimental studies have addressed the question qualitatively. For example, ac-560 tivated lymphocytes, or lymphoblasts, collected from the intestinal lymph of sheep were shown to 561 accumulate preferentially in tissues associated with the gut [52], and a similar finding was reported 562 for lymphoblasts isolated from intestinal lymph of rats [53, 54] . In contrast, lymphoblasts isolated 563 from peripheral lymph preferentially accumulated in peripheral lymph nodes [53] . There has also 564 been a distinction in migratory preference based on cellular subset as it has been observed that small 565 lymphocytes accumulate in mucosal sites such as Peyer's patches [55, 56] . 566 We used mathematical modeling to investigate whether preferential accumulation of lymphocytes 567 in the LN of their origin is due to preferential entry or preferential retention for one specific dataset 568
[20]. Our analysis suggested that a model with preferential retention was not able to accurately 569 describe the experimental data, while the model in which cells could preferentially enter a LN was 570 able to describe the data well (Figure 7) . Intuitively, this may be because the earliest increase in the 571 number of cells found in the efferent lymph seems to be driven by rate of cell entry into the node 572 and the data clearly indicate difference in cell accumulation in the efferent lymph depending on the 573 cell's origin.
574

22
There are a number of limitations with experimental data and our modeling analyses that need to 575 be highlighted. In particular, in all of our experimental data, the dynamics of labeled lymphocytes 576 in the efferent lymph was reported as a frequency of total cells, which required recalculation to 577 determine the total number of cells exiting a specific LN per unit of time (e.g., [39] ). Similarly, 578 calculation of the total number of lymphocytes in the blood requires the knowledge of the total 579 blood volume of animals which was not reported. The required recalculations may introduce errors
